Storm water separating manifolds in house connections have been introduced as a cost effective solution to disconnect impervious areas from combined sewers. Such manifolds have been applied by the municipality of Breda, the Netherlands. In order to investigate the performance of the manifolds, a monitoring technique (distributed temperature sensing or DTS) using fiber optic cables has been applied in the sewer system of Breda. This paper describes the application of DTS as a research tool in sewer systems. DTS proves to be a powerful tool to monitor the performance of (parts of) a sewer system in time and space. The research project showed that DTS is capable of monitoring the performance of house connections and identifying locations of inflow of both sewage and storm runoff. The research results show that the performance of storm water separating manifolds varies over time, thus making them unreliable.
INTRODUCTION
The disconnection of paved areas from combined sewer systems is one of the most advocated measures for reducing combined sewer overflow (CSO) emissions and hydraulic overloading of sewer systems (see e.g. Rosted Petersen et al. ) . One of the problems associated with the disconnection of paved areas from existing combined sewers is the separation of storm water and sewage at each premise. In combined sewer systems, one single house connection discharges both sewage and storm water to the combined sewer. These flows have to be somehow separated in order to be able to prevent storm water entering the combined sewer. For specific impervious areas, storm water can be easily intercepted and directed to surface waters; for other areas (such as roofs at the back sides of houses) solutions are less straightforward and disconnection would require significant adjustments to sewers in backyards and underneath buildings, see Figure 1 .
As an alternative, a sewage separating manifold has been developed that aims at separating storm water from sewage directly downstream of a house-connection, see Figure 2 . Different designs of the storm water separating manifold have been tested in a fluid mechanics laboratory by flushing gross solids (floatables, plastic bags) and low density sediment (acrylate pearls) to judge the design regarding separating capacity and vulnerability to clogging. After promising laboratory results (Peters et al. ) , two types of manifolds have been applied in the sewer system of the municipality of Breda, the Netherlands, since 2004. The basic manifold is constructed using 45 W standard joints. The more advanced manifold has been equipped with a non-return valve to prevent any possible sewage spills into the storm sewer with high water levels in the foul sewer.
During dry weather flow (dwf), the manifold discharges to the foul sewer. At the onset of a storm event and during small and low-intensity storm events the manifold discharges to the foul sewer until this sewer is full. At higher storm intensities, resulting in higher discharges, the manifold also discharges to the storm sewer. Simulations with a hydrodynamic model have shown that annually 2% of the dwf will be discharged via the storm sewer to the storm sewer outfall (SSO). This 2% of the dwf is the volume of dwf that is discharged during storm events and subsequently flows via the storm sewer. Approximately 50% of the storm water will be discharged via the foul sewer and transported to the wastewater treatment plant (WWTP) (Peters et al. ) .
This system behavior meets the requirements of the water boards (CIW ), aiming at minimizing local emissions and limiting the flow to the WWTP.
To determine the hydraulic and separating performance of the manifolds, measurements with distributed temperature sensing (DTS) have been carried out in both the foul sewer and the storm sewer in the Bernhardsingel, Breda. The foul and storm sewers in the Bernhardsingel are an isolated part of the sewer system of Breda, thus providing an excellent real world research location.
DTS has proven a powerful tool to detect and locate illicit connections in storm water sewers (Haan de et al. ) . The technique uses a fiber-optic cable inserted in a sewer pipe that is connected to a laser/computer instrument which can measure temperature simultaneously along the length of the cable. Typical spatial and temporal resolutions are 1-2 m and 1 min, respectively, resulting in detailed measurements of in-sewer temperatures in both time and space. An elaborate description of DTS can be found in Hoes et al. () . This paper describes the set up and the results of the monitoring campaign in the sewer system in the Bernhardsingel in Breda using the DTS monitoring technique to assess the performance of the storm water separating manifolds.
METHODS

System description
The sewer system of the Bernhardsingel comprises a storm sewer and a foul sewer, see Figure 3 . All 46 house connections are equipped with a storm water separating manifold as illustrated in Figure 2 . The type of manifold (i.e. with or without non-return valve) installed per house connection is unknown. The concrete storm sewer has a length of 382 m, with diameters ranging from 250 to 500 mm. The storm sewer discharges road runoff from gully pots (0.37 ha) and roof runoff from manifolds (0.26 ha) directly via a SSO to receiving water. The pvc foul sewer has a length of 381 m with a diameter of 200 mm. The foul sewer is connected to a pumping station with a pumping capacity of 0.5 m 3 /h. This capacity is sufficient to discharge the average dwf of the 118 inhabitants, but results in long emptying times (i.e. >24 h) after a storm event given the in-sewer storage of 14.5 m 3 in the foul sewer (which can fill up completely during storm events).
Monitoring set up
The monitoring set up comprises a HALO SENTINEL computer connected to a fibre optic cable of 850 m length, inserted in both the foul sewer and the storm sewer. The HALO computer is located in a container, placed on top of a sewer manhole. Just below ground level, a 40 mm connection has been made between the storm sewer and the foul sewer to transfer the cable from the foul sewer into the storm sewer. In order to be able to accurately locate the cable in the sewer, hot water has been discharged from a tanker in the sewer at specific locations. The time resolution applied was 1 min (15 s between 17th and 31st August 2010), the spatial resolution 2 m and the relative accuracy between 0.1 and 0.2 W C. The temperature sensor has not been calibrated by e.g. inserting one part of the cable in an ice-bath (Hoes et al. ), as it is the variation in temperature that is of interest in this study rather than the absolute value of the temperature. The temperature has been monitored for a period of almost 3 months between 25th June and 17th September 2010.
RESULTS AND DISCUSSION
The monitoring data have been analyzed in three steps:
• Based on the data, locating gully pots discharging to the storm sewer. Results have been confronted with the observation of gully pots visible on street surfaces. This step also allows a second verification of the position of the cable.
• Locating house connections to the foul sewer. As each house must have a house connection, any missing house connection to the foul sewer could suggest the discharge of foul sewage to the storm sewer. In addition, this step pinpoints the exact location of the manifolds.
• Analyzing performance of manifolds. Using the information from the previous steps, the performance of the manifolds has been analyzed using the monitoring data in the storm and foul sewer.
Locating gully pots
Inflow of storm water into a storm sewer can result in a local decrease or increase of the temperature in the storm sewer. Figure 4 illustrates the latter for a storm event on the 10th of July, 2010 starting between 21h20 and 21h30 for a sewer reach of 90 m. The locations where temperature increases are first noticed correspond to the locations of gully pots. These are at x ¼ 581, 595 m, 614 m, 633 m and 652 m (x-axis) in Figure 4 .
Locating house connections to the foul sewer
House connections discharging to the foul sewer have been located by analyzing the monitoring data and by a site visit. Figure 5 gives an example of a typical house connection located at x ¼ 255 m (x-axis). The inflow of relatively warm sewage causes a temperature rise of approximately 10 W C. After the discharge, the sewage is transported through the sewer, showing a rapid decrease of the temperature due to mixing with the sewage that was already present in the foul sewer. The combination of measuring temperature in time and space also gives an indication of flow direction and velocity. In this case, the flow velocity calculated from the travel distance and travel time is 0.03 m/s, a value not uncommon in foul sewers. In total, 41 house connections to the foul sewer have been located analyzing the DTS monitoring data. For five houses, no house connection could be identified. One of the houses was for sale (which might explain the absence of discharges), three others were very close to their neighbors and could not be distinguished as individual points of discharge and one was identified as a location where the separating manifold was continuously malfunctioning and foul sewage was only observed in the storm sewer.
Analyzing the performance of manifolds
Once the gully pots and house connections were located, the research focused on identifying behavior indicating malfunctioning of the manifolds. Figure 6 gives an overview of the monitoring results of the total DTS cable between July 18th and 31st (Y-axis). The first part of the cable from x ¼ 30 to x ¼ 418 (X-axis) lies in the foul sewer (flow direction from right to left); the second part of the cable from x ¼ 432 m to x ¼ 813 m lies in the storm sewer (flow direction from left to right). The monitoring data in the foul sewer show a typical pattern of many and high frequent discharges over the entire sewer length. In the storm sewer, a number of locations are visible for which temperature peaks occur over a (long) period of time (marked in black rectangles). These peaks indicate discharges from malfunctioning manifolds. In addition, when focusing on events occurring at a certain moment in time, two storm events can be distinguished during this period. During the events, in-sewer temperatures drop both in the storm sewer and in the foul sewer, indicating that at least a portion of the storm water ends up in the foul sewer. This corresponds to the design of the manifolds, allowing part of the storm water to flow to the foul sewer.
At a location near x ¼ 685 (x-axis) temperature peaks cease to occur after the storm event of July 26th. Between July 19th and 26th (y-axis) a daily pattern of relatively high temperatures has been registered in the storm sewer at this location. This suggests that foul sewage enters the storm sewer, possibly due to blockage of the part of the manifold discharging to the foul sewer. The pattern resembles the pattern of illicit connections to storm sewers detected by DTS (Hoes et al. ) . After the storm event on July 26th, which is associated with a temperature drop, temperature peaks have no longer been monitored at this location, suggesting that the blockage has disappeared allowing the sewage to again flow to the foul sewer.
During the monitoring period, in total seven of the 41 manifolds detected in the Bernhardsingel performed unsatisfactorily, i.e. dwf entering the storm sewer. The number of days with a malfunction manifold is shown in Table 1 . Three manifolds malfunctioned throughout the entire monitoring period, one until the storm event of July 26th and three others occasionally.
These results show that the performance of the manifolds in practice is not as good as the promising laboratory and model results (Peters et al. ) . Worse even, the results show that the functioning of the separating devices varies with time. An annual visual inspection would therefore not give enough information to properly manage the manifolds. This means that monitoring of the performance of the manifolds should be near-continuous in time and space, as blockages apparently occur and are being resolved. This would require a significant effort, costing approximately €25,000, annually, which is equivalent to €540, per household in the Bernhardsingel. As the annual sewage charges in Breda are €160, per household (in 2012), this is far beyond the effort a sewer manager is willing to spend on monitoring.
Impact of malfunctioning manifolds
The malfunctioning manifolds have a significant impact on the emission via the SSO. Each malfunctioning manifold increases the percentage of dwf discharged via the SSO with 2.4% of the total dwf of the Bernhardsingel (41 house connections) therewith significantly adding to the acceptable 2% of the annual dwf to be discharged via the SSO during storm events. In this case, seven out of a total of 41 or 17% of the manifolds fail, resulting in an annual emission of almost nine times the emission standard of the SSO. In addition, residents mentioned that frequent clogging of the house connections occurs. These problems are normally dealt with by contacting a local contractor. Depending on the location of the clogging, the house owner (on the premises) or the municipality (in the street) has to pay for the removal of the clogging.
The 'real life experiment' with the manifolds showed that storm water separating manifolds could not meet the requirements after a couple of years of operation. Consequently, the municipality will have to adjust the sewer system in order to meet the emission standards and to prevent the high costs for the removal of clogging.
CONCLUSIONS
Based on the results of the monitoring with DTS in the foul and the storm sewer, it has been concluded that:
• The DTS technique is not only a powerful technique for detecting illicit connections to storm sewers, but also for detecting storm water entering foul sewers. This capability made it possible to research the performance of storm water separating manifolds. The continuous monitoring in time and space make the DTS a powerful monitoring technique for research in which flows with different temperatures are to be distinguished.
• During the monitoring period seven of the 41 manifolds (17%) in the Bernhardsingel performed unsatisfactorily.
• Storm water separating manifolds, installed in the Bernardsingel, could not live up to the expectations of laboratory research, as the requirements could not be met after a couple of years of operation.
